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Abstract 
Oscillating behaviors of fire-induced exchange flow through a horizontal ceiling vent in a compartment were studied in this paper. 
Experiments were conducted in a ceiling vent compartment with inner dimensions of 180.0 cm(L) × 120.0 cm(W) × 120.0 cm(H). A single 
vent configuration in the middle of the compartment ceiling was used. Various patterns of flow were shown by using the principle of smoke 
particles of laser scattering. The ratio of cross section of outflow and ceiling vent area and the oscillation frequency of outflow will then be 
obtained by image processing technology. Useful experimental results on these flow characteristics are derived which can be used for mass 
flow rate model establishment. 
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Nomenclature 
f oscillation frequency (Hz) 
A area (cm2) 
D diameter (cm) 
X relative distance, horizontal distance between ceiling vent and fire source (cm) 
Greek symbols 
 area ratio between smoke through a sampling plane and sampling plane itself 
Subscripts 
c cold air through sampling plane 
f fire 
s hot smoke through sampling plane 
1. Introduction 
Ship fires are destructive and have drawn much attention in recent years [1-4]. The vast majority of ship cabins are below 
decks in most ships. Some of them, such as engine rooms, are confined without vertical opening in order to prevent the water 
from the sea. The deck hatches are located in the ceiling of the cabins which lead to the upper deck in these cabins. Researchers 
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have started studying fires in confined compartments with single ceiling opening to simplify conventional ship cabins, for 
instance, to study flow through vents in the compartment, ceiling openings were simplified. To deepen understanding of the 
characteristics of exchange flow through horizontal vent, a Plexiglas with small openings in horizontal partition is used, such 
as in Epstein’s fundamental study on buoyancy-induced flow [5], and in a well-known study by Tan et al. [6,7]. Until recently, 
studies have mainly focused on ceiling vent compartment fires, such as the research conducted by Tu [8], Wakatsuki [9], 
Chow [10, 11], Chen [12], Zhang [13], Li [14-16]. Such fires present an interesting challenge to fire modelers.  
Calculating the mass flow through vents is the foundation of establishing the thermal equilibrium equation of the fire 
compartment. But the relevant researches on the flow through the horizontal ceiling vents of fire compartments are not 
sufficient, especially because of almost all of those models for calculating the mass flow through horizontal vents are based 
on the experiments of salt water simulation [5-7]. Previous fire studies found that the mass flow through the vent and the mass 
burning rate are dependent on the size of the vent in relation to the size of the compartment [13, 17].  
The characteristics of flow through a horizontal vent include the ratio of cross section of outflow and ceiling vent area, 
oscillation frequency of outflow [18] and outflow pattern [5, 12]. The scope of present study focus on the ratio of cross section 
of outflow and ceiling vent area and the oscillation frequency of outflow. Only a single vent configuration in the middle of 
the compartment ceiling was used in the experiments. During the experiments, various forms of flow were shown by using 
the principle of smoke particles of laser scattering, the influences of the relative positions of fire sources and ceiling vents 
were investigated. 
2. Experimental setup 
Experiments were conducted in a ceiling vent compartment with inner dimensions of 180.0 cm(L) ×120.0 cm(W)× 120.0 
cm(H), which was 1:2 reduced scale model for ISO 9705 room. The Compartment was built with 10mm thick rock wool 
sandwich construction. A heptane (C7H16) circular pool fire was positioned on the bottom of the compartment. The diameters 
of the pool fire used in the experiments were 10 cm, 14 cm, 20 cm and 30 cm. Only a single vent configuration in the middle 
of the compartment ceiling was used in the experiments. The dimensions of the ceiling vent used in the experiments were 20 
cm×20 cm (400 cm2), 30 cm×30 cm (900 cm2), 40 cm×40 cm (1600 cm2) and 60 cm × 60 cm (3600 cm2). The initial fuel 
thickness was 35 mm for each test. Fig. 1(a) illustrates the schematic of the experiments. 
(a)     (b)  
Fig. 1. Schematic of experiments (view from the top) for (a) the position of laser light sheet and (b) the relative positions of fire sources and ceiling vents 
 
Fig. 2. Flows were shown by using the principle of smoke particles of laser scattering. 
The influences of the relative positions of fire sources and ceiling vents were investigated. As shown in Fig. 1(b), the 
horizontal distances between ceiling vent and fire source, X, were varied by 30 cm, 50 cm, 70 cm, 90 cm. The scenarios of 
ceiling vent just above the pool fires, likewise, were studied in this paper. During the experiments, various patterns of flow 
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were shown by using the principle of smoke particles of laser scattering (shown in Fig. 2). A digital video camera, which has 
a maximum capture rate of 25 frame/s, was used to record the forms of flow through the horizontal vent.  
3. Ratio of cross section of outflow and ceiling vent area 
3.1. Definition of ratio of cross section of outflow and ceiling vent area 
Schlieren technique could distinguish well the flow pattern of unidirectional flow from bidirectional flow, which is used 
in cold fluid simulations, such as salt water simulation [7, 19]. But the previous observations about flow through a horizontal 
vent were insufficient. Especially for bidirectional flow through a horizontal vent, it`s hard to figure out the leading position 
of cold and hot flow through a horizontal vent due to the lack of visualized understanding of occupied area of flow. Laser 
tracer method adopted in these experiments could solve this problem well by obtaining clear flow images. Similar 
experimental methods were adopted in the research of Chen [12] and Li [14] as well. 
The ratio of cross section of outflow and ceiling vent area is given to help us understand the meaning of outflow smoke 
area more visually and deeply. The definition of area ratio of outflow smoke (or area ratio of outflow smoke) is the area ratio 
between smoke through a sampling plane and sampling plane itself: 
,
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Fig. 3. Ratio of cross section of outflow and ceiling vent area(X=90cm, ܦ௙=14cm). 
Where Av,c is the area of sampling plane. Ac and As are the area of cold air and hot smoke through sampling plane, respectively. 
The area ratio of outflow smoke displays the area ratio between the outflow smoke through a sampling plane and sampling 
plane itself. 
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3.2. Influence of dimension of ceiling vent 
The changing that the area ratio of outflow smoke varied over time with the 14 cm and 30 cm diameter of pool fire are 
showed in Fig. 3 and Fig. 4, respectively, when X=90 cm.  
Because of cold air flowing out directionally from compartment at the initial ignition stage, Θ equal zero appeared in the 
early stage of experiments. The characteristic of instantaneous unidirectional flow could be seen obviously in scenarios of 
ܣ௩=400 cm2. The area ratio of outflow smoke was in the 0.8~1 range for most of the time, which present the characteristics 
of smoke continuously flow from the compartment out into air. While vent area increased to the range of 900 cm2 to 3600 
cm2, there was nearly no obvious instantaneous unidirectional flow during the whole flow process, but continuous 
bidirectional exchange flow. The cold flow and hot flow exchanged near the region of ceiling vent. Statistical analyses of the 
experiment results showed that area ratio of outflow smoke varied in the range of 0.6 to 0.8, which meant hot smoke flow was 
still dominant. As horizontal ceiling vent area increased, area ratio of outflow smoke decreased, although it`s still dominant. 
Average area ratio of outflow smoke with different vent size is showed in Fig. 5. Average area ratio of outflow smoke is 
the average value of outflow smoke area ratio in sampling time. By given fire source, average outflow area ratio reduced 
gradually in general, as the horizontal ceiling vent area increased. While the dimensionless vent size decreased to a critical 
value, average outflow area ratio would less than 0.5, which meant the dominant would change from outflow smoke to inflow 
air. 
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Fig. 4. Ratio of cross section of outflow and ceiling vent area (X=90cm, ܦ௙=30cm). 
What worth the whistle was that, the influence of average outflow area ratio with increase in horizontal ceiling vent area 
was not certain yet, when the distance between ceiling vent and flame varied in 50~70 cm and horizontal ceiling vent area 
varied in 400~1600 cm2 (shown in Fig. 5(c) and Fig. 5(d)). The average outflow area ratio increased with 90 cm distance 
between ceiling vent and flame, which could be attributed to the increase in overflow smoke caused by side-wall jet. 
 
303 Qiang Li et al. /  Procedia Engineering  135 ( 2016 )  299 – 308 
(a) 
0 500 1000 1500 2000 2500 3000 3500 4000
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
 D
f
 = 14 cm
 D
f
 = 30 cm
A
ve
ra
ge
 a
re
a 
ra
tio
 o
f o
ut
flo
w
 s
m
ok
e,
 T
A
v
   (cm2)
X=0cm
    (b) 
0 500 1000 1500 2000 2500 3000 3500 4000
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
 D
f
 = 14 cm
 D
f
 = 30 cm
A
ve
ra
ge
 a
re
a 
ra
tio
 o
f o
ut
flo
w
 s
m
ok
e,
 T
A
v
   (cm2)
X=30cm
 
(c) 
0 500 1000 1500 2000 2500 3000 3500 4000
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
 D
f
 = 14 cm
 D
f
 = 30 cm
A
ve
ra
ge
 a
re
a 
ra
tio
 o
f o
ut
flo
w
 s
m
ok
e,
 T
A
v
   (cm2)
X=50cm
    (d) 
0 500 1000 1500 2000 2500 3000 3500 4000
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
 D
f
 = 14 cm
 D
f
 = 30 cm
A
ve
ra
ge
 a
re
a 
ra
tio
 o
f o
ut
flo
w
 s
m
ok
e,
 T
A
v
   (cm2)
X=70cm
 
(e) 
0 500 1000 1500 2000 2500 3000 3500 4000
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
 D
f
 = 14 cm
 D
f
 = 30 cm
A
ve
ra
ge
 a
re
a 
ra
tio
 o
f o
ut
flo
w
 s
m
ok
e,
 T
A
v
   (cm2)
X=90cm
 
Fig. 5. Average area ratio of outflow smoke with different vent size. 
3.3. Influence of distance between ceiling vent and fire source 
The average area ratio of outflow smoke through horizontal ceiling vent in case of different distance between vent and fire 
source are showed in Fig. 6. Average area ratio of outflow smoke is the average value of outflow smoke area ratio in sampling 
time. By given fire source, average outflow area ratio increased gradually in general, as the relative distance increased. 
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Fig. 6. Average area ratio of outflow smoke with different vent size and fire source. 
4. Oscillation frequency of outflow 
4.1. Definition of oscillation frequency of outflow 
The patterns of flow through vent were relatively stable and rarely instantaneous oscillation happened in previous studies 
by salt water simulation. But when hot smoke flow through vent in real compartment fire, the mass flow rate will fluctuation 
in a certain range under the effect of flame pulsation of fire or perturbation pressure in compartment [10]. As the experimental 
results indicated, the oscillation frequency of smoke through vent was in the same range of flame pulsation frequency [12]. 
Therefore, it can be concluded that the oscillation frequency of smoke area and flame are close even the same. 
As for the oscillation phenomenon over the opening, the previous also paid attention to the oscillation frequency of 
temperature. By given specific compartment that has a vent both in the top and bottom, Satoh [18, 20] and other authors found 
that oscillation frequency of temperature over the opening was related to heat release rate and height of compartment. By 
given specific compartment size, oscillation frequency of temperature has direct ratio with the 1/3 power of heat release rate 
( ο்݂ǡ௩ ן ܳ଴଴Ǥଷଷ); by given specific heat release rate, oscillation frequency of temperature has direct ratio with the -1.33 power 
of height ( ο்݂ǡ௩ ן ܪିଵǤଷଷ). While there is only one vent on the top and directly facing fire source, Karrison [21] calculates the 
oscillating process of buoyancy-driven gas temperature over the opening by using two-dimensional field simulation technique. 
The oscillation amplitude of temperature obtained by Karrison is larger than experiment results obtained by Than [19], which 
is due to two-dimensional calculation. 
The mass flow rate of outflow smoke can be expressed in terms of these quantities as 
,s d s v sm C vAU 
                                                                             
(2) 
Where ܥௗ is flow coefficient, ߩ௦ is the density of smoke, v is smoke flow rate through vent, and ܣ௩ǡ௦ is area of smoke through 
vent. Assumed smoke flow rate, smoke density and flow coefficient are constant in the stage of stable combustion, the 
oscillation of gas mass flow rate is caused by the area change of smoke through vent. 
Therefore, the oscillation frequency of smoke mass flow rate could be obtained by calculating the oscillation frequency of 
outflow area: 
s sm A
f f' ' 
                                                                               
(3) 
Where ο݂௠ሶ ೞ  is the oscillation frequency of smoke mass flow rate; ο݂஺ೞ  is the oscillation frequency of outflow area. 
4.2. Influence of dimension of ceiling vent 
The oscillation frequency of smoke outflow area was relatively obvious periodic during the whole flow process. Analysis 
is carried on to changing process where smoke outflow area varies with time in these two typical conditions. 
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A case studied with ܦ௙=14 cm, X=90 cm. The changing that outflow smoke area varied over time is showed in Fig. 7 with 
ܣ௩=400 cm2 in the stage of stable combustion. Regular smoke oscillation can be seen in the stage of stable combustion. The 
oscillation frequency of outflow smoke area was in the range of 3.1~3.4 Hz. For example, the oscillation frequency was 3.1 
Hz in 200~210 s, while it decreased to 3.4 Hz in 700~710 s. The changing that area ratio of outflow smoke varied over time 
is showed in Fig. 7 with ܣ௩=3600 cm2 in the stage of stable combustion. Regular smoke oscillation can be seen in the stage 
of stable combustion. The oscillation frequency of outflow smoke area was in the range of 0.8~1.1 Hz. For example, the 
oscillation frequency was 0.8 Hz in 200~210 s, while it decreased to 1.1 Hz in 700~710 s. 
(a) 
200 201 202 203 204 205 206 207 208 209 210
0.70
0.75
0.80
0.85
0.90
0.95
1.00
A
re
a 
ra
tio
 o
f o
ut
flo
w
 s
m
ok
e,
 T
Time (s)
A
v
=400 cm2
f = 3.1 Hz
    (b) 
700 701 702 703 704 705 706 707 708 709 710
0.80
0.85
0.90
0.95
1.00
A
re
a 
ra
tio
 o
f o
ut
flo
w
 s
m
ok
e,
 T
Time (s)
A
v
=400 cm2
f = 3.4 Hz
 
(c) 
200 201 202 203 204 205 206 207 208 209 210
0.60
0.65
0.70
0.75
0.80
0.85
A
re
a 
ra
tio
 o
f o
ut
flo
w
 s
m
ok
e,
 T
Time (s)
A
v
=3600 cm2
f = 0.8 Hz
    (d) 
700 701 702 703 704 705 706 707 708 709 710
0.6
0.7
0.8
0.9
A
re
a 
ra
tio
 o
f o
ut
flo
w
 s
m
ok
e,
 T
Time (s)
A
v
=3600 cm2
f = 1.1 Hz
 
Fig. 7. Oscillation process of outflow smoke area(ܦ௙=14cm, X=90cm). 
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Fig. 8. The oscillation frequency of outflow smoke area with different vent size. 
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The range of oscillation frequency of outflow smoke area with different condition is showed in Fig. 8, regardless of the 
stage of ignition and decay. The oscillation frequency changed a little in the stage of stable combustion in an experiment, 
though it varied. The oscillation frequency was related to vent area and diameter of fire source. It can be seen from Fig. 8(a) 
that oscillation frequency decreased significantly when vent area increased with ܦ௙=14 cm. While ܦ௙=30 cm, the influence 
of vent area was not obvious. It can be seen from Fig. 8(b) that oscillation frequency decreased significantly when vent area 
increased with ܦ௙=14 cm and any distance beween vent and fire source. 
4.3. Influence of distance between ceiling vent and fire source 
The range of oscillation frequency of outflow smoke area with different distance between vent and fire source are showed 
in Fig. 9 We can see that the distance between vent and fire source produce certain influence on oscillation frequency with 
smaller vent area (ܣ௩=400 cm2). As the distance between vent and fire source increases, oscillation frequency increases as 
well. The distance between vent and fire source had no influence on oscillation frequency with ܣ௩> 900 cm2. 
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Fig. 9. The oscillation frequency of outflow smoke area with different distance. 
5. Conclusion 
Although there are only preliminary researches on oscillatory behavior of fire-induced air flow through a horizontal vent, 
the ratio of cross section of outflow and ceiling vent area and the oscillation frequency of outflow is obtained in this paper by 
image processing technology. The following conclusions can be drawn: 
x The influence of average outflow area ratio with increase in horizontal ceiling vent area was not certain yet when 
considering the influence of the distance between ceiling vent and fire source. The average outflow area ratio decreased 
gradually in general, as ceiling vent area increased. 
x The dimension of ceiling vent and the distance between ceiling vent and fire source has an obvious influence on the 
oscillation frequency of outflow, especially a small fire as ܦ௙=14 cm in this paper. The oscillation frequency of outflow 
increased with ceiling vent area decreased and with the relative distance increased. 
x The experimental results on these flow characteristics can be used to further studies for mass flow rate model establishment. 
Acknowledgements 
This work was sponsored by the Hebei Province Natural Science Foundation of China, Project No. E2013507011, the 
Open Foundation of State Key Laboratory of Fire Science, Project No. HZ2013-KF12 and the Doctor Scientific Research 
Innovation Subject of Chinese People's Armed Police Force Academy. 
References 
[1] Walmerdahl P., 1999. An introduction to the concept of weapon induced fires. Department of Fire Safety Engineering Lund University, Report 5032 
Lund, Sweden. 
307 Qiang Li et al. /  Procedia Engineering  135 ( 2016 )  299 – 308 
[2] Leblanc D., 1998. Fire environments typical of navy ships. Worcester Polytechnic Institute. 
[3] Hoover J.B., 2000. Application of CFAST to Shipboard Fire Modeling, Navy Technology Center for Safety and Survivability, Washington, DC. 
[4] Shigunov V., 2005. A zone model for fire development in multiple connected compartments, Fire Safety Journal40, pp. 555-578. 
[5] Epstein M., 1988. Buoyancy-driven exchange flow through small openings in horizontal partitions, Journal of Heat Transfer110, pp. 885-893. 
[6] Tan Q, Jaluria Y., 1992. Flow through horizontal vents as related to compartment fire environments, National Institute of Standards and Technology, 
Building and Fire Research Laboratory, NIST-GCR-92-607, New Brunswick, NJ. 
[7] Tan Q., Jaluria Y., 2001. Mass flow through a horizontal vent in an enclosure due to pressure and density differences, International Journal of Heat and 
Mass Transfer44, pp. 1543-53. 
[8] Tu K., 1991. An Experimental Study of Top Vented Compartment Fires, Building and Fire Research Laboratory NISTIR 4499, National institution of 
Standards and Technology, Galtheraburg, MD. 
[9] Wakatsuki K., 2001. Low ventilation small-scale compartment fire phenomena: ceiling vents. Department of Fire Protection Engineering, University of 
Maryland, College Park, MD. 
[10] Chow WK, Gao Y., 2009. Oscillating behaviour of fire-induced air flow through a ceiling vent, Applied Thermal Engineering 29, pp. 3289-3298. 
[11] Chow WK, Gao Y., 2011. Buoyancy and inertial force on oscillations of thermal-induced convective flow across a vent, Building and Environment 46, 
pp. 315-323. 
[12] Bing Chen, 2011. Experimental study on pool fire environment in ship room with ceiling vent. State Key Laboratory of Fire Science, University of 
Science and Technology of China, Hefei. 
[13] Jiaqing Zhang, Shouxiang Lu, Qiang Li, Changhai Li, Man Yuan, Yuen R., 2013. Experimental study on elevated fires in a ceiling vented compartment, 
Journal of Thermal Science22, pp. 377-382. 
[14] Qiang Li, 2013. Experimental study on smoke properties in a ship room with ceiling vent. State Key Laboratory of Fire Science of China, University of 
Science and Technology of China, Hefei. 
[15] Qiang Li, Shouxiang Lu, Jiaqing Zhang, Bing Chen, Changhai Li, 2013. A model for predicting smoke filling time in a compartment with ceiling vent 
based on assumption of irregular ceiling, Journal of University of Science and Technology of China 43, pp. 402-409. 
[16] Qiang Li, Jiaqing Zhang, Shouxiang Lu, 2012. Influence of roof opening on gas temperature rise in an enclosure, 10th Asia-Oceania Symposium on 
Fire Science and Technology, pp. 194-201. 
[17] Yang J., 2014, Experimental study on the influence of ceiling vent on fire development in compartment. The Chinese People's Armed Police Force 
Academy, Langfang. 
[18] Satoh K, Lloyd, J. R., Yang, K. T., 1984. Flow and temperature oscillation of fire in a cubic enclosure with a ceiling and floor vent, in “Flow and 
temperature oscillation of fire in a cubic en-closure with a ceiling and floor vent”. Part 3. Tokyo, Fire Re-search Institute. 
[19] Than C.F., Savilonis B.J., 1993. Modeling fire behavior in an enclosure with a ceiling vent, Fire Safety Journal 20, pp. 151-174. 
[20] Satoh K., Matsubara Y., Kumano Y., 1983. Flow and temperature oscillation of fire in a cubic enclosure with a ceiling and floor vent, in “Flow and 
temperature oscillation of fire in a cubic enclosure with a ceiling and floor vent”. Part 1. Tokyo, Fire Re-search Institute. 
[21] Kerrison L., Galea E.R., Patel M.K., 1998. A two-dimensional numerical investigation of the oscillatory flow behaviour in rectangular fire compartments 
with a single horizontal ceiling vent, Fire Safety Journal 30, pp. 357-382. 
  
308   Qiang Li et al. /  Procedia Engineering  135 ( 2016 )  299 – 308 
Qiang LI, male, born in Jilin city, Jilin province, in 1979. Graduated from the State Key Laboratory 
of Fire Science (SKLFS) of University of Science and Technology of China (USTC) with Doctor Degree 
in Safety Science and Engineering. At present employment in Department of Fire Protection Engineering 
of Chinese People’s Armed Police Forced Academy as an associate professor. Li’s research field include 
electrical fire safety technology, fire detection technology, and enclosure fire dynamics.  
 
 
 
Jin-mei LI, female, born in Anshun city, Guizhou province, in 1980. Graduated from the State Key 
Laboratory of Fire Science (SKLFS) of University of Science and Technology of China (USTC) with 
Master Degree in Safety Science and Engineering. At present employment in Department of Fire 
Protection Engineering of Chinese People’s Armed Police Forced Academy as a lecturer. Li’s research 
field include fire science and fire protection engineering, methods and tools of performance-based fire 
protection design, and codes of design and technical standards. 
 
 
 
Jia-qing ZHANG, male, born in Anqing City, Anhui province, in 1987. Graduated from University 
of Science and Technology of China (USTC) with PhD in Safety Science and Engineering, and from City 
University of Hong Kong (CityU HK) with PhD in Architecture and Civil Engineering. At present 
employment in State Grid Anhui Electric Power Research Institute as a research engineer. Dr. Zhang’s 
research interests include electric fire and safety protection, fire safety issues in energy utilization, etc. 
He has published over 30 refereed journal and conference papers. 
